Anchoring pharmacologic agents to the vascular lumen has the potential to modulate critical processes at the blood-tissue interface, avoiding many of the off-target effects of systemically circulating agents. We report a novel strategy for endothelial dual targeting of therapeutics, which both enhances drug delivery and enables targeted agents to partner enzymatically to generate enhanced biologic effect. Based on the recent discovery that paired antibodies directed to adjacent epitopes of platelet endothelial cell adhesion molecule (PECAM)-1 stimulate each other's binding, we fused single-chain fragments (scFv) of paired anti-mouse PECAM-1 antibodies to recombinant murine thrombomodulin (TM) and endothelial protein C receptor (EPCR), endothelial membrane proteins that partner in activation of protein C (PC). scFv/TM and scFv/EPCR bound to mouse endothelial PECAM-1 with high affinity (EC 50 1.5 and 3.8 nM, respectively), and codelivery induced a 5-fold increase in PC activation not seen when TM and EPCR are anchored to distinct cell adhesion molecules. In a mouse model of acute lung injury, dual targeting reduces both the expression of lung inflammatory markers and trans-endothelial protein leak by as much as 40%, as compared to either agent alone. These findings provide proof of principle for endothelial dual targeting, an approach with numerous potential biomedical
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In this study, we demonstrated the feasibility and utility of endothelial codelivery, using as a case study the enhancement of the protein C (PC) pathway by paired endothelium-targeted biotherapeutics. The PC pathway is an endogenous endothelial system that has long been a target for pharmacologic intervention, in part because of Abbreviations: %ID/g, percentage of injected dose per gram of organ weight; ALI, acute lung injury; APC, activated protein C; BAL, bronchoalveolar lavage; BSA, bovine serum albumin; ECs, endothelial cells; EPCR, endothelial protein C receptor; FR1, 59 framework region 1; HRP, horseradish peroxidase; ICAM-1, intercellular adhesion molecule-1; IT, intratracheal;
(continued on next page) its role in regulating vascular permeability, the innate immune response, and the coagulation cascade (9) . At the heart of this pathway is thrombomodulin (TM), a transmembrane endothelial glycoprotein that binds and alters the enzymatic specificity of thrombin (10) . Whereas thrombin increases endothelial permeability and induces proinflammatory endothelial activation, it does not exert these effects when bound to TM. Instead, the thrombin/TM complex cleaves the zymogen (PC) to generate activated protein C (APC). APC inhibits coagulation, stabilizes the endothelial barrier, and mitigates activation and apoptosis of ECs (11) . In addition to TM, a key partner molecule, the endothelial protein C receptor (EPCR), has a critical role in the protective functions of this system. APC generation by the thrombin/TM complex is accelerated when PC is bound to EPCR (12) . In addition, EPCR appears to be required for many of the anti-inflammatory and endothelial protective effects of the PC pathway (13, 14) . The TM-EPCR-APC system becomes dysfunctional in the presence of EC injury and inflammatory activation. TM and EPCR are cleaved or shed from the EC surface, and their expression is suppressed by a variety of inflammatory mediators (15, 16) . This phenomenon, demonstrated in a variety of animal models and patients with severe forms of sepsis, contributes to disease pathogenesis and end-organ injury (17) (18) (19) .
To reverse this pathogenic process and test the viability of our dual-targeting approach, we designed biotherapeutic fusion proteins, consisting of either recombinant TM or EPCR, linked to single-chain variable antibody fragments (scFvs) directed at paired PECAM-1 epitopes. Cotreatment of ECs with scFv/TM and scFv/EPCR caused a marked increase in the activation of PC, with evidence of both collaborative enhancement of binding and enzymatic partnering of the paired cargoes. We extended our in vitro observations to studies in mice, in which cotreatment with scFv/EPCR specifically enhanced the pulmonary targeting of scFv/TM and increased the generation of APC in vivo. When tested in a mouse model of ALI, the fusion proteins worked synergistically in the event that both were delivered to PECAM-1, but not when they were anchored to distinct surface determinants. The results provide both proof of principle for the general strategy of dual targeting of therapeutics to ECs and specific data to support this novel and translational therapy for ALI and other diseases involving inflammatory vascular injury.
MATERIALS AND METHODS

Cell lines
Lysate from the Mec13.3 hybridoma (herein referred to as Mec13) was a generous gift of Dr. Annunciata Vecchi (Mario Negri Institute of Pharmacology Research, Milan, Italy). MS1 cells were purchased from American Type Culture Collection (Manassas, VA, USA) and maintained in DMEM with 10% fetal bovine serum and 1% antibiotic-antimycotic (Life Technologies, Grand Island, NY, USA).
Antibodies and other reagents
The anti-TM polyclonal antibody AF3894 was purchased from R&D Systems (Minneapolis, MN, USA). A second anti-TM polyclonal antibody, sc-7097, used in Western blot analyses, was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-EPCR blocking mAb 1560, was supplied by the Esmon laboratory. A horseradish peroxidase (HRP)-conjugated anti-FLAG (M2-HRP) antibody was obtained from Sigma-Aldrich (St. Louis, MO, USA). The HRP-conjugated anti-goat secondary antibody (sc-2056) was from Santa Cruz Biotechnology. Purified recombinant human PC was a generous gift of Dr. Sriram Krishnaswamy (Joseph Stokes Research Institute, Children's Hospital of Philadelphia, PA, USA). LPS (serotype B4) was purchased from Sigma-Aldrich. The bovine thrombin used in cell experiments was also purchased from Sigma-Aldrich, whereas the thrombin used in in vivo APC generation experiments was from GE Healthcare Life Sciences (Piscataway, NJ, USA). The APC substrate S-2366 was purchased from Diapharma (West Chester, OH, USA).
Cloning of Mec13 V L and V H cDNAs
To target TM and EPCR fusion proteins to distinct paired epitopes on mouse PECAM-1, an scFv derived from the Mec13 mAb was prepared. Mec13.3 cell lysate in TRIzol (Ambion-Life Technologies, Carlsbad, CA, USA) was extracted with chloroform, and the phases were separated by centrifugation. The aqueous phase was removed and mixed with ethanol, and total RNA was purified with the RNeasy kit (Qiagen, Valencia, CA, USA). Combined RT-PCR was performed with the SuperScript One Step RT-PCR kit (Life Technologies). A single full-length V H cDNA was produced by using degenerate 59 framework region 1 (FR1) primers and a 39 constant region primer (20) . This approach was not possible for the light chain, as PCR with FR1 primers produced only a nonfunctional myeloma-derived cDNA, with an in-frame stop codon in the FR1 region (Supplemental Fig. 1 ). Purified Mec13 mAb was sent to the University of California Davis Proteomics Core Facility for N-terminal (Edman) sequencing. The first 7 amino acids of the Mec13 light chain were identified and used to design degenerate primers, which allowed cloning of a fulllength V L cDNA.
Assembly and expression of Mec13 scFv, soluble EPCR, and Mec13/EPCR constructs Completed Mec13 V L and V H cDNAs were assembled into an scFv construct, as shown in Supplemental Fig. 1 , with V H and V L sequences separated by a (GGGGS) 3 linker and a triple FLAG tag appended to the 39 end (C terminus) for purposes of purification and detection. The extracellular domain of mouse (m)EPCR was cloned by PCR from a previously described full-length cDNA (21) , with a C-terminal triple-FLAG tag. Finally, a fusion protein was constructed with mEPCR on the 59 end (N terminus), separated from the Mec13 scFv by an (SSSSG) 2 AAA linker. The proteins were arranged in this manner to keep the PC binding site (located on the N-terminal end of EPCR) freely accessible. All proteins were expressed in S2 cells and purified on an anti-FLAG affinity column (Sigma-Aldrich). Purity was assessed with sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
(continued from previous page) mAb MS1, mouse EC line; mEPCR, mouse EPCR; mTM, mouse TM; OD 491 , optical density (absorbance) at 491 nm; PC, protein C; PECAM-1, platelet endothelial cell adhesion molecule-1; REN, human mesothelioma cell line; rh, recombinant human; scFv, single-chain variable fragment; sEPCR, soluble EPCR; TM, thrombomodulin; Va, coagulation factor Va; V H , variable domain of antibody heavy chain; V L , variable domain of antibody light chain
Generation of REN-derived stable cell lines
Human mesothelioma (REN)-PECAM cells, which stably express mouse PECAM-1, have been used in our laboratory extensively (8, 22) . Similarly, we recently generated RENintercellular adhesion molecule (ICAM) cells, which stably express mouse ICAM-1 (21) . To make REN-TM cells or cells expressing both PECAM/TM and ICAM/TM, we purchased a mouse (m)TM cDNA (containing the entire coding sequence of mTM and a portion of the 59 and 39 untranslated regions; nt 87-3482) from OriGene Technologies (Rockville, MD, USA) and cloned into the pcDNA3.1/Zeo(2) vector (Life Technologies). Since REN-PECAM and REN-ICAM cells already stably express the Geneticin resistance gene, this expression vector (which confers resistance to the antibiotic Zeocin; Life Technologies) was used. Each cell type (REN wildtype, REN-PECAM, and REN-ICAM) was transfected with Lipofectamine 2000 (Invitrogen-Life Technologies, Carlsbad, CA, USA) and selected in media with 250 mg/ml Zeocin and 200 mg/ml Geneticin (Life Technologies).
Live-cell ELISA assays
ELISAs were performed on live cells (21) . In most experiments, anti-FLAG (M2)-peroxidase (HRP) conjugate was used as a detection antibody. In ELISA experiments involving more than 1 recombinant protein (e.g., those aimed at measuring collaborative enhancement of binding), anti-FLAG-HRP could not be used, as each fusion protein carries a C-terminal triple-FLAG tag. In these cases, detection was via either a goat anti-mTM or a goat anti-mEPCR polyclonal antibody, with an anti-goat-HRP secondary antibody. ELISA binding data were analyzed with Prism 6.0 software (GraphPad, San Diego, CA, USA).
PC ELISA
ELISAs were performed with the same protocol as just described, except that instead of live cells, fusion proteins were bound to PC immobilized on high-binding plastic wells. Briefly, the wells were incubated overnight at 4°C, with a solution of 4 mg/ml recombinant human PC in Tris-buffered saline. The PC solution was removed, and the plate was blocked with a 3% bovine serum albumin (BSA) solution for 2 h. BSA-coated wells with no PC were used as a control for nonspecific binding.
In vitro PC activation assays
Generation of APC by scFv/TM fusion was assayed (8) . Briefly, cell monolayers were incubated with various combinations of TM and EPCR fusion proteins and washed 3 times with media before the addition of 1 nM thrombin and 100 nM PC. In all cases, PC activation occurred at 37°C in assay buffer [20 mM Tris, 100 mM NaCl, 1 mM CaCl 2 , 0.1% (w/v) BSA, pH 7.5], and the reaction was stopped by addition of an excess of hirudin. In experiments involving MS1 cells, the monolayer was treated with anti-mTM antibody to block endogenous TM and then washed 3 times before incubation with EPCR or TM fusion proteins or both. In experiments involving EPCR blockade, cells were incubated with 300 nM of anti-mEPCR mAb 1560 for 15 min before the addition of PC and thrombin. This antibody has been well characterized and is known to inhibit ;70% of PC binding, eliminating to a substantial extent the ability of EPCR to accelerate the activation of PC by the thrombin-TM complex (13) .
Radiolabeling of 390 scFv/TM
390 scFv/TM was directly radioiodinated with [ 125 I]NaI (Perkin Elmer, Waltham, MA, USA) and purified on Zeba desalting spin columns (ThermoScientific, Rockford, IL, USA). Radiolabeling efficiency was .75%, and free iodine was ,5%, after purification.
Animals
Animal studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals, as adopted by the National Institutes of Health (NIH; Bethesda, MD, USA), under protocols 803320 and 804349, approved by the University of Pennsylvania Institutional Animal Care and Use Committee. Male C57BL/6 mice weighing 20-30 g (Jackson Laboratory, Bar Harbor, ME, USA) were used for all experiments.
Organ biodistribution of 390 scFv/TM
Mice were anesthetized and a tracer dose of [ 125 I]-390 scFv/TM, with or without 2 mg/kg Mec13 scFv/EPCR was injected via the internal jugular vein. The latter was administered in a second injection, immediately after the first, to eliminate any potential effects of mixing the 2 proteins. Each fusion protein was constituted in sterile saline at a total volume of 50 ml. Organs were collected at 30 min after injection for counting on a Wizard 2 2470 g counter (PerkinElmer, Waltham, MA, USA). Data are expressed as a percentage of injected dose per gram of tissue (%ID/g) and are reported as the standard deviation of 4 animals.
APC generation in vivo
APC generation in vivo was measured by a published method (23) . Briefly, mice were injected via the internal jugular vein with 0.25 mg/kg 390 scFv/TM, with or without 2 mg/kg Mec13 scFv/ EPCR. As in biodistribution experiments, the proteins were administered in 2 consecutive injections, to eliminate any chance of direct mixing effects. After 30 min, the mice were injected with 0.85 NIH units of bovine thrombin and 5.2 mg of recombinant human (rh)PC, each freshly constituted in 50 ml of saline. Ten minutes later, blood was collected from the inferior vena cava directly into 3.8% citrate and benzamidine HCl (v/v 2:1). Plasma was isolated, flash frozen, and stored at 280°C until testing for human APC with an antibody-based ELISA (23) .
Intratracheal LPS Model
ALI was induced via intratracheal (IT) injection of endotoxin. Injection of LPS, constituted in 100 ml of PBS, was followed immediately by 150 ml of air, to ensure even distribution throughout all distal airspaces. In prophylaxis experiments, fusion proteins or PBS vehicle was injected intravenously 30 min before 2 mg/kg LPS. [ 125 I]-labeled albumin was injected intravenously just before LPS. Six h after induction of lung injury, blood was withdrawn from the inferior vena cava, and the animals were euthanized. A catheter was placed in the pulmonary artery, and the pulmonary circulation was gently flushed with PBS before the harvesting of organs. Radioactivity in the blood and lungs was measured with a Wizard 2 2470 g counter (PerkinElmer In therapeutic experiments, a lower dose of LPS was used to ensure survival of animals to later time points. LPS (1 mg/kg) was injected IT, followed by intravenous injection of fusion proteins 30 min later. Eighteen hours after induction of lung injury, the animals were euthanized and bronchoalveolar lavage (BAL) was performed via a 19-gauge stainless steel catheter (Harvard Apparatus, Holliston, MA, USA) placed in the trachea and secured with a 5-0 silk suture. Each animal was lavaged twice with 1.0 ml ice-cold PBS. Lavages were pooled and centrifuged at 2000 rpm for 4 min to pellet the cellular content. After hypotonic lysis of RBCs, the leukocytes were resuspended in a known volume of PBS with 1% BSA and counted on a hemocytometer. The total protein concentration in the BAL supernatant was measured with a BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA).
Data analysis and statistics
Results are expressed as means 6 SD, unless otherwise noted. Significant differences between means were determined by 1-way ANOVA, followed by the appropriate multiple-comparison (Tukey) test. P , 0.05 was considered statistically significant.
RESULTS
Construction of PECAM-targeted Mec13 scFv/EPCR fusion protein
The previously characterized anti-PECAM scFv/TM (21, 24) contains a single-chain antibody fragment derived from 390, an anti-mouse PECAM-1 mAb. We showed previously that mAb 390 and another anti-PECAM mAb, Mec13, collaboratively enhance each other's binding to ECs, both in vitro and in vivo (8) . As a result, we created a new scFv for fusion to EPCR, this one derived from mAb Mec13. Supplemental Fig. 1 illustrates the molecular design of the Mec13 scFv/EPCR fusion protein and provides a list of all fusion proteins used in the study, their respective targets, and their various functions.
We next tested the function of the individual moieties of the Mec13 scFv/EPCR fusion protein. Specific binding to PECAM-1 was evaluated in the nonendothelial human mesothelioma cell line REN, which has no baseline expression of mouse PECAM-1, ICAM-1, TM, or EPCR (21) . Mec13 scFv and the Mec13 scFv/EPCR fusion protein bound to REN cells stably transfected with mouse PECAM-1 (REN-PECAM), but not the control REN cells (Fig. 1A) . Likewise, Mec13 scFv/EPCR and soluble (s)EPCR bound to immobilized PC, but not to albumin-coated wells (Fig.1B) . We concluded that both the scFv and EPCR moieties of the Mec13 scFv/EPCR fusion are functional, at least in binding to their corresponding ligands.
Functional activity of Mec13 scFv/EPCR fusion protein
We assessed the ability of Mec13 scFv/EPCR to augment PC activation by the thrombin/TM complex on the cell surface. For this, we generated REN-PECAM-TM cells, which are double-transfected REN cells that demonstrate stable surface expression of mouse PECAM-1 and TM and thrombin-dependent activation of PC (Supplemental Fig. 2A, B) . REN-TM and REN-PECAM cells, which express either TM or PECAM-1, were used as controls.
In these stable cell lines, Mec13 scFv/EPCR stimulated activation of PC by the thrombin/TM complex only on cells expressing both TM and PECAM (Supplemental Fig. 2C) . Likewise, no effect was seen with Mec13 scFv or sEPCR (Supplemental Fig. 2D ), confirming that both moieties of the fusion protein are necessary for this activity.
scFv/EPCR and scFv/TM demonstrate collaborative enhancement of binding to PECAM-1
As discussed above, the scFv/TM and scFv/EPCR fusion proteins were designed with antibody fragments derived from the mAbs 390 and Mec13, based on the finding that these antibodies enhance each other's binding to PECAM-1. This phenomenon of collaborative enhancement was demonstrated in transfected (i.e., REN-PECAM) cells and MS1 mouse ECs and after intravenous injection in live mice. Moreover, a similar effect was observed in human ECs with distinct paired anti-human PECAM-1 antibodies (8) . Given the consistency of this finding, we hypothesized that similar effects would be seen with EPCR and TM fusion proteins directed to paired PECAM-1 epitopes. Indeed, both Mec13 scFv and Mec13 scFv/EPCR increased the binding of 390 scFv/TM to REN-PECAM cells ( Fig. 2A) . Likewise, 390 scFv/TM increased the binding of Mec13 scFv/EPCR (Fig. 2B ).
Mec13 scFv/EPCR enhances PC activation by 390 scFv/TM on mouse PECAM-1-expressing cells
We next studied APC generation by scFv/TM and scFv/EPCR fusion proteins coanchored to REN-PECAM cells. Mec13 scFv/EPCR demonstrated a dose-dependent enhancement of thrombin-dependent APC generation on cells also treated with 390 scFv/TM, with an ;5-fold increase at the highest concentration (Fig. 3A) . In theory, both enhanced binding (Fig. 2) and functional partnering between the TM and EPCR moieties could have contributed to the 5-fold increase observed. We conducted several experiments to determine the relative contribution of each effect. As shown in Fig. 3B , Mec13 scFv (lacking the EPCR moiety) was used to estimate the binding effect and provided an ;2-fold stimulation of APC production by 390 scFv/TM. Conversely, we estimated the contribution of enzymatic partnering (the EPCR effect) using mAb 1560, which blocks the interaction of EPCR and murine PC. This antibody inhibits ;70% of the effect of EPCR on APC production by the thrombin-TM complex (13) . In cells treated with Mec13 scFv/EPCR and 390 scFv/ TM, blockade of EPCR reduced APC generation by ;2-fold, to almost exactly the level in cells treated with TM fusion protein and Mec13 scFv (Fig. 3B) . Taken together, these data suggest distinct mechanisms that make roughly equivalent contributions to the net effect of Mec13 scFv/EPCR on the generation of APC by 390 scFv/TM.
Mec13 scFv/EPCR, but not anti-ICAM scFv/EPCR, enhances PC activation by 390 scFv/TM on mouse ECs
Although transfected REN cells provide a convenient system for initial testing of fusion proteins, they do not express endogenous endothelial membrane proteins, nor do the extent and distribution of overexpressed molecules necessarily reflect what is present on ECs (21) . As a result, we conducted additional experiments in MS1 ECs. These cells express endogenous mouse TM, EPCR, PECAM-1, and ICAM-1, with surface distribution membrane and response to inflammatory activation similar to that seen in primary human ECs [e.g., HUVECs (21)]. To inhibit APC generation by endogenous TM (which complicates the measurement of the fusion-mediated effect), we used a blocking TM antibody (21) . This method allowed us to measure PC activation by 390 scFv/TM anchored to the MS1 cells, with and without the addition of Mec13 scFv/ EPCR. Similar to what had been seen with REN-PECAM cells, Mec13 scFv/EPCR increased PC activation by 390 scFv/TM. Likewise, the use of Mec13 scFv and the EPCR blocking mAb revealed a similar contribution of 2 distinct mechanisms by which the EPCR fusion protein exerts its effect: collaborative enhancement of binding and enzymatic partnering (Fig. 4) .
We reasoned that the functional synergy observed between scFv/TM and scFv/EPCR is most likely the result of their proximity while anchored to the same surface determinant, PECAM-1. We sought to determine whether anchoring TM and EPCR to different surface molecules on MS1 ECs would have similar effects. Using a recently created anti-ICAM (YN1) scFv (21), we designed and synthesized an anti-ICAM YN1 scFv/EPCR fusion protein (Supplemental Fig. 3A) . Before testing the ECs, we first examined the functional activity of the new fusion in a series of experiments similar to those described above for Mec13 scFv/EPCR. The YN1 scFv/EPCR fusion protein bound cells expressing mouse ICAM-1 and TM and enhanced PC activation by the thrombin/TM complex (Supplemental Fig. 3B-E) .
Having confirmed ligand binding and the functional activity of YN1 scFv/EPCR, we tested its ability to enhance the function of PECAM-1 anchored 390 scFv/TM on MS1 ECs. In contrast to Mec13 scFv/EPCR, no enhancement of PC activation was seen with the YN1 scFv/EPCR fusion protein, nor was there any effect of the EPCR blockade antibody (Fig. 4B ). This result indicates that anchoring TM and EPCR to different membrane molecular determinants does not reproduce the effect seen with dual targeting to adjacent PECAM-1 epitopes.
Mec13 scFv/EPCR enhances pulmonary targeting and APC generation by 390 scFv/TM in vivo
The dual targeting strategy was tested in vivo by sequential injection of scFv/TM and scFv/EPCR fusion proteins in mice. As shown in Fig. 5A , coadministration of Mec13 scFv/ EPCR enhanced pulmonary targeting of radiolabeled 390 scFv/TM by ;4-fold. Next, we assessed the effect of dual targeting on APC generation in vivo. Using a technique recently reported by our laboratory (23), we measured thrombin-dependent PC activation 30 min after intravenous injection of fusion proteins. Fig. 5B demonstrates a significant increase in APC generation in animals given both 390 scFv/TM and Mec13 scFv/EPCR, as opposed to 390 scFv/ TM alone. These data match the results from cell culture experiments, indicating that dual targeting of these collaborative fusion proteins in vivo results in both enhanced drug delivery and functional effect (i.e., APC generation).
Vascular protective effects of PECAM-1-and ICAM-1-targeted fusion proteins in a mouse model of ALI
We evaluated the dual targeting strategy in a mouse model of lung inflammation/injury. scFv/TM and scFv/EPCR fusion proteins were first tested in a prophylactic setting, with fusion proteins (or PBS vehicle) sequentially injected intravenously before IT LPS challenge. Coadministration of Mec13 scFv/EPCR and 390 scFv/TM-but not of either fusion protein alone-decreased pulmonary endothelial activation, as marked by levels of lung mRNA for VCAM-1 (Fig 5C) , ICAM-1, and E-selectin (Supplemental Fig. 4A,   B) . In some experiments, radiolabeled albumin was injected intravenously just before LPS administration, as a marker of transendothelial plasma protein leakage (experimental timeline shown in Fig. 5D ). Again, dual targeting produced a greater reduction in this pathologic outcome than either fusion protein alone. Coadministration of Mec13 and 390 scFvs was tested as a control, to ensure that any effects on barrier function were not simply the result of the 2 antibody fragments binding to PECAM-1. Finally, cotreatment with 390 scFv/TM and YN1 scFv/EPCR resulted in no additional protection, consistent with our observations in MS1 cells. This critical result suggests that it is the proximity of scFv/ TM and scFv/EPCR that allows the synergistic effect, such that the same cargoes provide significantly less protection when anchored to distinct endothelial determinants.
Finally, to probe the translational potential of dual targeting as a therapeutic strategy for ALI, we examined the protective effects of the fusion proteins when given after LPS insult. Besides changing the order of the administration of fusion proteins and endotoxin, we selected a later time point, 18 h, for measurement of disease readouts (experimental timeline shown in Fig 5E) . As shown, cotreatment with both 390 scFv/TM and Mec13 scFv/EPCR produced a significant reduction in alveolar protein, as measured by BAL, whereas treatment with 390 scFv/TM alone had no distinguishable effect. Neither therapeutic approach had a significant effect on the BAL leukocyte count (Supplemental Fig. 4C) 
DISCUSSION
Over the past several decades, hundreds of advanced drug delivery systems have been designed and implemented. Nearly all were intended to control drug pharmacokinetics to prolong effect and limit toxicity (25) . More and more, however, drug targeting is focused on the delivery of pharmacologic agents to specific cell types or even subcellular addresses, such that they can exert optimal, localized therapeutic effects (26) . These considerations are of particular relevance to biotherapeutics, a rapidly growing class of drugs designed to modify endogenous biologic pathways (27) . Although early members of this class, such as erythropoietin and granulocyte colony-stimulating factor, do not need site-specific delivery, the next generation of biologic agents, such as small interfering RNA and lysosomal enzymes, require precise localization to achieve their intended therapeutic effects (28) . 
on which endogenous TM had been blocked by anti-TM antibody. Dotted line: residual activity of endogenous TM. Mec13 scFv/EPCR (100 nM) enhanced APC generation by cell-bound 390 scFv/TM. As in the REN-PECAM cell experiments, 2 mechanisms were discerned: a binding effect, determined by cotreatment with Mec13 scFv, and an EPCR-dependent effect, demonstrated by use of an EPCR-block antibody. B) In contrast to Mec13 scFv/EPCR, cotreatment of cells with YN1 scFv/EPCR and 390 scFv/TM did not enhance APC generation.
One site of particular interest is the luminal membrane of the vascular endothelium, where multiple endogenous systems interact to maintain blood fluidity, regulate vascular permeability, and control inflammation. Although numerous surface determinants have been identified on ECs, relatively few efforts have been made to deliver therapeutics to this key interface between blood and tissue (21, 29) . We describe an important and novel technique that significantly advances our capabilities in this regard: the simultaneous anchoring of 2 agents to the luminal endothelial membrane in a manner that allows them to partner enzymatically and generate an enhanced biologic effect. This is, to our knowledge, the first example of colocalized biologic agents generating an effect on ECs in situ and certainly the first instance in which dual targeting enhances the delivery of each therapeutic.
As a proof of principle, we have applied this novel approach to enhance the activity of the endothelial PC pathway. Pharmaceutical interest in this system was spurred on by the finding that recombinant human (rh)APC could protect animals from otherwise lethal infusions of bacteria (30) . Ultimately, rhAPC became the first drug approved for the treatment of sepsis syndromes in humans (31), although its clinical utility was limited by poor pharmacokinetics, a narrow therapeutic index, and life-threatening systemic toxicity (32) . Genetically altered forms of APC have been created that lack the anticoagulant and profibrinolytic effects of wild-type APC, while preserving its anti-inflammatory, antiapoptotic, and cytoprotective activities. Whereas these modifications address some of the limitations of rhAPC (33), significant pharmacokinetic challenges remain, which may limit success in the clinical realm.
Another strategy for augmenting the PC pathway is the infusion of soluble forms of TM. Unlike activated zymogens, soluble TM preserves some of the "on-demand" nature of the endogenous PC pathway, generating a biologic effect primarily at sites of thrombin generation (34) . Preliminary studies in animal models and early-stage human clinical trials have demonstrated beneficial effects ]-labeled albumin from the blood into lung interstitium, alveolar space, or both, was also reduced. Coadministration of 390 scFv/TM and YN1 (anti-ICAM) scFv/EPCR did not show the synergistic effect that occurred with the 2 PECAM-1 anchored fusions. E) Dual targeting is also effective as a therapeutic strategy (i.e., 30 min after LPS) demonstrating significant reduction in BAL fluid protein (normalized to total body weight, i.e., milligrams protein/gram animal weight). Neither fusion protein, given individually, had a significant therapeutic effect on BAL protein at this time point (18 h after injury) (n = 4 or 5 animals for each group in all experiments). C, D) Dotted lines: outcomes in control animals that did not receive LPS. (35) (36) (37) . Although each of these approaches has its merits, they all provide inadequate localization to the endothelial membrane. Since circulating APC must compete for EPCR binding sites with a much larger pool of PC zymogen, local generation of APC at the EC surface may have greater capacity to generate protective signaling through endothelial EPCR (14) . Indeed, APC signaling through EPCR on other cells, such as neutrophils, may actually worsen outcome in pulmonary or systemic infection by impairing bacterial clearance (38) . In contrast, recreating endogenous interactions between TM, PC, and EPCR at the endothelial membrane seems likely to provide greater protection with fewer unintended side effects.
Our laboratory has reported several efforts to achieve precisely this goal: the delivery of recombinant TM to the luminal endothelial membrane-its natural location and, presumably, the site of optimal activity. We created an anti-PECAM scFv/TM fusion protein, which binds to ECs in vitro and after intravenous injection. This protein was found to protect mice from ischemic and inflammatory lung injury, without the bleeding side effects that occur with equipotent doses of recombinant APC (24) . Further investigation of the PECAM-targeted scFv/TM fusion protein, however, revealed that its interaction with EPCR differs from that of endogenous TM (21) . Although anchoring recombinant TM to other endothelial determinants, such as ICAM-1, improves partnering with endogenous EPCR, PECAM-1 remains a desirable target in many situations, given its panendothelial distribution and high level of expression (39) . Furthermore, ECs shed EPCR in response to vascular inflammation (40) , and a means of augmenting its presence on the endothelial membrane is therefore likely to be necessary to fully restore the function of the PC pathway.
The application of dual targeting to the TM-EPCR-APC system was informed not only by our previous results, but also by reports from the field of biomaterials, where the PC pathway has gained attention as a means of preventing thrombosis and immune system activation on implantable medical devices (41) . TM has been immobilized on polyurethane, polyethylene glycol-modified glass, and even liposomes (42) (43) (44) . In vitro flow studies have revealed a plateau in the maximum rate of APC generation, despite increasing surface density of recombinant TM (45) . This finding has been attributed to a limitation in PC availability caused by the absence of EPCR. Subsequent efforts aimed at coimmobilizing TM and EPCR have achieved substantially higher rates of APC generation and demonstrate that the distance between these molecules is an important factor. In particular, a higher rate of APC generation is observed when the recombinant proteins are immobilized in proximity on polyurethane (,10 nm), as opposed to a random, unordered distribution (46) . This report is consistent with our finding that proximity is a critical factor in the dual targeting of enzymatic partners. Codelivery of scFv/TM and scFv/EPCR increases APC generation and provides superior protection in vivo when the fusion proteins are anchored to the same endothelial determinant (PECAM-1), but no synergistic effect occurs when 2 different surface molecules (i.e., ICAM-1 and PECAM-1) are targeted.
In summary, the current report confirms the feasibility of dual targeting of paired therapeutics to the endothelium and demonstrates its utility in the particular case of modulating the PC pathway. Fig. 6 illustrates our key results, including the 2 distinct mechanisms by which Mec13 scFv/EPCR enhances the production of APC by membrane-bound 390 scFv/TM. Our animal data suggest that collaborative TM and Figure 6 . Dual targeting of scFv/TM and scFv/EPCR to increase APC production. A) Normal function of the TM/EPCR/PC pathway. Endothelial TM binds thrombin (factor IIa) and activates PC, a process accelerated by EPCR. APC can signal to ECs or bind protein S and exert anticoagulant effects. B) 390 scFv/TM fusion protein anchored to PECAM generates APC, but is unable to partner with endogenous EPCR. APC produced by 390 scFv/TM likely functions in a paracrine fashion. C) Mec13 scFv increases binding of 390 scFv/TM to PECAM-1 via a collaborative enhancement mechanism, resulting in an ;2-fold increase in APC production. D) The combination of enhanced binding and enzymatic partnering between TM and EPCR further increases APC production to levels roughly equal to endogenous TM/EPCR. EPCR fusion proteins may be worth pursing as translational therapeutics for ALI. Although it is promising that a reduction in BAL protein occurs as much as 18 h after endotoxin injury, after just a single dose of each fusion protein, it is of utmost importance to fully characterize both the pharmacokinetics and therapeutic time window of the scFv/TM and scFv/EPCR fusion proteins. Although the 30-min therapeutic window that we report seems relevant to the emergency medicine setting, the limits of the therapeutic window are unknown and have important implications for future preclinical investigations. The absence of any effect on BAL leukocytes could also be a positive for the translational prospects of these prototherapeutics. Because the recruitment of leukocytes to alveoli is of great importance to pathogen killing, preserving this response is important when both inflammatory injury and pulmonary infection are present, as in the case of ALI associated with sepsis and pneumonia. These intriguing, albeit preliminary, findings will be the subject of ongoing study in our laboratory. Beyond TM and EPCR fusion proteins and the specific clinical setting of ALI, endothelial dual targeting has potential for widespread application. Although the collaborative enhancement effect has so far been observed only with PECAM-1, efforts are under way to determine whether other EC surface molecules (e.g., VE-cadherin and ICAM-1) demonstrate analogous phenomena. Similarly, endogenous endothelial systems other than the PC pathway could be targeted for intervention. Finally, we have recently demonstrated collaborative enhancement of endothelial targeting by nanocarriers, an observation that could enable complementary cargoes or vascular imaging agents to combine and generate signal only at sites of dual delivery. In each case, the critical advantage is the ability to deliver paired agents with nanometer scale proximity while allowing collaborative enhancement-rather than competitive inhibition-of binding.
